Abstract. In this paper, data on structural, optical, and electrical properties of bulk AlN are presented. It is shown that the polycrystalline AlN boules grown by PVT are of high purity. Singlecrystalline areas exhibit high structural quality, but void formation occurs dependent on crystal orientation. Aluminum precipitation and nitrogen vacancy formation are observed in boules grown at high temperature. Results from optical absorption, FT-IR micro-spectroscopy and resistivity measurements are valuable for further optimization of bulk crystal growth of AlN.
Introduction
Recently, single-crystalline AlN gained much interest in the semiconductor community. Bulk crystals of AlN have a great potential to provide substrates for GaN and AlGaN based electronic devices, optoelectronic devices and sensors [1] . But up to now, only a few publications investigating the properties of bulk AlN exist. A clear relationship between growth conditions (such as growth method, temperature, system pressure, and impurity incorporation), wafer preparation and resulting crystal properties is lacking. Our study was performed to present data on structural, optical, and electrical properties of bulk AlN and to correlate these data to the growth conditions used in our crystal growth experiments.
Experimental
Growth experiments were conducted in a proprietary designed growth reactor provided with tungsten heating elements capable up to 2500°C in the atmosphere of high-purity nitrogen. The growth setup had vertical transport geometry where AlN source material was transported upwards into a colder area [2] . Polycrystalline, dense boules up to 2 inch in diameter and 10 mm in height were fabricated within 25 hours at growth temperatures in the range of 2150-2250°C. They consist of single-crystalline areas of up to 5 x 5 mm 2 at the growth interface. Wafers 0.5-1 mm thick and 12.5 mm in diameter were prepared from the grown AlN boules and subsequently polished with diamond paste (see Fig. 1 ).
Results and Discussion
According to chemical analysis (GDMS), the grown AlN boule contains about 86 ppm wt oxygen (equal to a concentration of about 1 × 10 19 cm -3 ) as well as about 100 ppm wt carbon and 7.5 ppm wt tungsten (originating from the growth set-up). The oxygen concentration is the lowest reported up to date for bulk AlN [1, 3] . Other elements were 
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detected only at lower levels, mostly in the sub-ppm range. Both oxygen and carbon originate from the source powder, which was purified by resublimation prior to growth.
Structural quality and phase formation of an AlN boule grown at 2250°C were studied by optical microscopy, scanning electron microscopy (SEM), energy-dispersive X-ray spectrometry (EDX), Xray diffraction (XRD), and Laue backscattering. Fig. 2 shows a XRD pattern of an AlN single crystal cut from the boule and crushed to get a non-textured powder. Compared to the JCPDS 25-1133 standard file, all 26 diffraction peaks resolve well in our sample. The lattice constants determined from the pattern are a = 3.1114 Å and c = 4.9789 Å. They are close to the commonly accepted values [4] , so stress is nearly absent. As no additional peaks appear, occurrence of foreign phases in significant amounts is highly unlikely.
Performing XRD on a single-crystalline area of a wafer, only the (002), (004), (006) diffraction peaks together with faint signatures of (105) and (106) were detected. Hence, the crystals in the boule are roughly textured in c-axis direction. Similar results were obtained by a general area detector diffraction system (GADDS) scan across the whole wafer surface. In Laue backscattering, single-crystalline areas show well developed, but off-centered hexagonal patterns. Hence, the c-axis is off-oriented in respect to the growth direction. Evaluation of 16 single-crystalline areas yields a mean deviation angle of 10.6°. The orientation of the crystals within the boule has to be taken into account as crystal growth and properties highly depend on orientation. The microscopic structure of AlN wafers cut from the boule was investigated. A SEM picture of three neighboring grains is shown in Fig. 3a . While the grain in the upper part exhibits numerous voids and cracks, two grains in the lower part have a smooth surface with only a few voids. In optical microscopy, this corresponds to different coloration of different grains, ranging from pale yellow to greenish-yellow, probably arising from both voids occurrence and impurity incorporation. The different appearance is attributed to different orientation or polarity, but the data obtained is not yet sufficient to determine an exact correlation. Boules grown at lower temperatures show a more homogeneous surface appearance and coloration, and the overall wafer surface roughness as well as the mean deviation angle between growth direction and the c-axis decrease.
EDX investigation was performed on the wafer shown in part in Fig. 3a . No oxygen or other contaminant was found anywhere in the sample (detection limit about 5 % at), i.e. no oxygeninduced structural defects were found, and grain boundaries are not oxygen decorated. However, the Al to N ratio was found to deviate from stoichiometry. All investigated AlN grains show Al excess, with the Al content ranging from 54 to about 60 % at in different grains as measured in 70 x 60 µm²
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areas. Furthermore, precipitates having a diameter of up to 10 µm and consisting of pure Al were found as shown in Fig. 3b . Such precipitates were observed in voids as well as on "smooth" surfaces. These are preliminary results; up to now no answer can be given on the questions (i) whether the Al to N ratio arises from stoichiometry deviation (i.e. vacancy or interstitial formation) or nanoscale precipitation, and (ii) whether Al to N ratio and precipitation are correlated to grain orientation, polarity, coloration, and occurrence of other structural defects. However, precipitation seems to be correlated to growth temperature, as boules grown at 2150°C do not show precipitation. a) b) Optical properties of polished AlN wafers were investigated using optical absorption and infrared reflectance microscopy (FT-IR) measurements. Below fundamental absorption at energies higher than 6.0 eV [3, 5] , two broad absorption bands at 2.8 eV and 4.2 eV were observed in all of our samples. Both bands do not change significantly or freeze out at low temperatures. We attribute them to photoionisation of deep donor electrons, as the occupation of the neutral deep levels does not change significantly with temperature. In literature, the 4.2 eV peak is commonly [3] designated as "oxygen related". The absorption band at 2.8 eV causes a yellowish color of the AlN crystals. Slack and McNelly proposed that this absorption is caused by aluminum excess, i.e. nitrogen deficiency, in the lattice [6, 7] . Their assumption that the concentration of nitrogen vacancies and hence the peak intensity increases with increasing growth temperature is in accordance with our observation that the 2.8 eV band is weaker in boules grown at lower temperatures.
FT-IR reflection micro-spectra taken at two different single-crystalline regions and at a grain boundary are shown in Fig. 4 . The position of the AlN band is in accordance to Raman microspectroscopy measurements where E 1 (TO) at 669 cm -1 and A 1 (LO) at 890 cm -1 were identified. The shape of the reststrahlenband between E 1 (TO) and A 1 (LO) reflects the high crystalline quality in the single-crystalline regions. Another band is present in all of our samples with a maximum at about 906 cm -1 and a minimum at about 990 cm -1 . Yim et al. [5] obtained the same FT-IR bands in 1 µm thick AlN layers grown on sapphire. Feng et al. [8] have grown GaN layers of variable thickness on sapphire substrates and observe overlapping FT-IR bands of GaN and sapphire. For GaN layer thicknesses of 2-4 µm the picture again looks very similar to our results. Thus we attribute the adjacent band to a probably distorted Al 2 O 3 surface layer formed during polishing due to oxidation of the AlN sample.
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Resistivity measurements were performed on a suitable singlecrystalline wafer area in lateral direction using annealed Ti contacts. While the sample was insulating at room temperature and no value could be obtained, the resistivity was measured to be about ρ = 5 × 10 7 Ωcm at 500 K. The resistivity decreases with temperature exhibiting a thermal activation energy ∆E of about 860 meV in the 500-650 K range. The origin of this conduction and the type of charge carrier involved is unknown. Li and Tansley [9] found ∆E = 790 meV and ρ = 3 × 10 13 Ωcm at room temperature for thin AlN films fabricated by CVD and assigned this conductivity to nitrogen vacancies, for which a ground state 900 meV below the conduction band was calculated [10] . As our results extrapolate to 2 × 10 13 Ωcm at 293 K and thermal activation energies are similar, the origin of the observed conductivity is probably the same as in the case of CVD films.
Conclusions
Polycrystalline, dense boules of AlN were fabricated by PVT growth. Data on structural, optical, and electrical properties of bulk AlN were presented and correlated to growth conditions and sample preparation. The boules are very pure and structural quality of single-crystalline areas is high. Differences in surface roughness and void occurrence probably arise from different grain orientation, polarity, and/or impurity incorporation. Deviation from stoichiometry as observed in EDX is discussed in terms of Al precipitation and N vacancy formation especially in boules grown at high temperatures. Resistivity measurements coincide with results obtained from CVD films. These results can act as starting point for further optimization of AlN bulk crystal growth. 
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